Hands can be a vector for transmitting pathogenic microorganisms to foodstuffs and 27 drinks, and to the mouths of susceptible hosts. Hand washing is the primary barrier 28 to prevent transmission of enteric pathogens via cross-contamination from infected 29 persons. Conventional hand washing involves the use of water, soap and friction to 30 remove dirt and microorganisms. Over recent years there has been an increasing 31 availability of hand sanitizing products for use when water and soap are unavailable.
ammonium-based products like benzalkonium chloride (BZK) or benzethonium chloride (BZT), 5-pyrrolidone-2-carboxylic acid (PCA) and copper sulphate 176 pentahydrate (CS). Hand washing practices considered also included use of soap 177 and nailbrush (40), Wash-sanitise, consisting of using hand sanitizers after hand 178 washing with water and soap (15, 30, 47) , and a new hand hygiene regime known as 179 SaniTwice (a registered trademark of James Mann, Handwashing for Life, 180 Libertyville, IL) consisting of a two stage hand cleansing including application of an 181 excess of alcohol-based sanitizer, hand rubbing, cleaning hands with a paper towel, 182 and a final application of alcohol-based sanitizer (14) . 183 The relative efficacy of products was generally tested in vitro, ex vivo and/or in 184 vivo. Most of the in vitro studies involved experiments carried out using a suspension 185 assay consisting of a standardized quantity of the target microorganism treated with 186 increasing concentrations of the test product, with the aim of estimating the 187 inactivation rate for each product used (1, 10, 16, 20, 21, 28, 29, 54, 46, 55) . One in 188 vitro study evaluated inactivation rates of tested products on latex gloves immersed 189 in a solution of phosphate buffered saline (PBS) or crab cooking water artificially 190 contaminated with 5 log 10 CFU L. monocytogenes/ml (44) . Ex vivo tests included 191 experiments carried out on pig skin from a freshly killed pig (the pig skin method) 192 previously treated with sanitizing products, then artificially contaminated with 193 challenge microorganisms to test residual activity of tested products after use (9, 28, 194 35, 54) . In vivo studies involved experiments carried out with selected human 195 volunteers to estimate the efficacy of each tested product to remove or inactivate 196 target microorganisms from artificially contaminated whole hands, finger pads or 197 gloves. The vast majority of in vivo studies retrieved in the literature were carried out 198 on hands or finger pads artificially contaminated with pure cultures of bacteria or viruses without the presence of food components or organic material (9, 16, 22, 29, 200 37, 38, 41, 42, 43, 47, 55) . Seven studies evaluated the efficacy of hand washing 201 products in a food preparation setting on naturally and artificially soiled hands or 202 gloves (7, 8, 14, 15, 40, 44, 48) . Three studies evaluated inactivation rates of 203 products on hands contaminated with viral suspensions prepared with other organic 204 loads like fetal bovine serum or feces (15, 36, 40) . Other factors pertaining to food 205 preparation settings like hygiene of nails (40) and wearing rings when handling food 206 have also been minimally considered (61) . A summary of the experimental 207 conditions applied and main findings from in vitro, ex vivo and in vivo evaluations in 208 all studies included in this review are summarized in Table 2 . Information relating to 209 specific pathogens will now be summarised. copies of HuNoV extracted and purified from tested samples (41, 42, 46) and the use 215 of cultivable surrogates like Feline Calicivirus (FCV) and Murine Norovirus (MNV).
216
Norovirus surrogates were generally tested alone as an alternative to HuNoV (9, 15, 217 29, 36, 38, 40, 55) , or in parallel with HuNoV (46). sanitizer containing 62% ethyl alcohol, and water rinsing for the removal of HuNoV 220 from artificially contaminated finger pads. Ethanol-based hand sanitizer was the least 221 effective hand product tested (0.34±0.22 log 10 reduction). The greatest log 10 available hand hygiene products containing 62% to 95% alcohol on finger pads 225 against multiple HuNoV strains. The study showed a wide range of efficacy (0.10 to 226 3.74 log 10 reduction), varying according to different products and strains tested. The 227 highest level of RNA reduction was achieved by a 70% ethanol gel containing 228 additional ingredients that seem to potentiate the virucidal activity of alcohol alone. A 229 limitation of the study reported by the authors was the presence of PCR inhibitors in 230 the test products that may have affected PCR amplification and led to an 231 overestimate of virus reduction.
232
Eight papers evaluated the efficacy of hand sanitizers against FCV and MNV.
233
Experimental methods used to estimate viral inactivation included a virus-specific 234 cytopathic effect (CPE) test consisting of culturing post treatment samples on a serial 235 dilution of permissive host cells (9, 15, 29, 36, 38, 40, 55) , and a plaque assay test in surrogates showed different levels of viral reduction measured by plaques assay and 242 RT-qPCR. A general lack of correlation between the two detection methods and 243 different degrees of viral inactivation of FCV or MNV were generally observed. Only 244 a 72% alcohol pH 2.9 ABHR reduced the infectivity of both FCV and MNV (3.4 and 245 2.6 log 10 , respectively) by the plaque assay test, whereasno correlation was found 246 between reduced infectivity and RNA reduction measured by real-time reverse being achieved by a 62% ABHR was retrieved.
393
Efficacy of hand products on hands soiled with food components. 394 Experimental conditions described in the literature to mimic food preparation settings 395 include contamination of food workers hands with natural soil encountered in the 396 food service industry (7), or hands artificially inoculated with pure cultures of bacteria 397 mixed with crab cooking water (44), chicken or beef broth (14, 15, 40) , ground beef (7, 14, 15, 40) , dirt or cooking oil (48). Efficacy of hand products was estimated 399 based on the enumeration of microorganisms released from treated hands, or based 400 on the enumeration of bacteria remaining on hands. Methods for enumerating 401 released bacteria included the glove juice (14, 15, 61) or the hand rinse (8, 48) 402 techniques. Both techniques consist of enumerating bacteria released from washed 403 hands previously placed into a glove or a bag filled with sterile water or buffer.
404
Conversely, enumeration of bacteria remaining on the hands after hand washing or 405 hand sanitizing is usually estimated through image analysis or by pressing washed 406 hand palms onto the surface of an agar plate (7).
407
Four studies compared efficacy of hand hygiene products on soiled hands. Use of a nailbrush and soap achieved the highest removal of target microorganisms.
449
However the presence of long nails significantly impacted efficacy of all regimes 450 tested, suggesting that maintaining short fingernails is essential to reduce the risk of 451 transmitting hazardous microorganisms when handling food. difficult. Hand washing with water and soap is generally reported to achieve 492 effective removal of bacteria and soil from hands (7, 8, 14, 15) and gloves (8) and to 493 be superior to other products in the removal of bacteria and viruses from fingernails 494 when used with a nailbrush (40). However, a residual level of microorganisms even 495 after proper washing is generally reported (7, 8, 14, 15, 40) , suggesting that hand 496 washing alone cannot ensure elimination of risk in relation to bacterial transmission hands than on gloves (8) suggesting that frequent changes of gloves rather than 499 washing gloves when they become visibly soiled would more effectively minimize 500 risk of bacterial contamination between different food preparation steps.
501
Information on the efficacy of antimicrobial soaps over conventional plain soaps is 502 also controversial and the existence of conflicting results has been previously 503 reported in two other reviews (31, 60) . Apart from one study reporting lower efficacy 504 compared to plain soap (47), the evidence seems to indicate that antimicrobial or 505 medicated soaps can achieve a slightly higher level of microbial inactivation on 506 artificially contaminated hands without food residue present (22, 43) , whereas their 507 efficacy on soiled hands is similar to conventional soaps (15, 40) .
508
Instant hand sanitizers have shown high and rapid in vitro efficacy against various 509 target bacteria (10, 16, 21, 54) , whereas their efficacy against naked viruses seems 510 to be lower (20, 21, 38, 46) and vary according to different viruses tested, type of 511 alcohol and concentration used (29, 46, 55) . These findings are in general 512 agreement with four other reviews (2, 3, 31, 60) . Apart from some improved 513 formulations (9, 32), instant hand sanitizers used in vivo do not usually exceed 2-3 514 log 10 microbial reduction (16, 37, 41, 42, 47, 48) and their efficacy seems to be 515 affected by the presence of food debris, as observed on both moderate (44) and 516 heavily soiled hands (7, 14, 40) , as only one study included in this systematic review 517 reported similar rates of bacterial inactivation on both clean and soiled hands (48).
518
Instant hand sanitizers used alone seem not to be a reliable substitute for 519 conventional hand washing in food establishments (7) . In contrast, their application 520 after hand washing, previously carried out with either antimicrobial or plain soap (i.e.
521
wash-sanitize regimes), seems to be more effective than hand sanitizer or soaps 522 used alone (15, 47); levels of bacterial inactivation have been demonstrated to significantly increase up to 4 or 5 log 10 reduction on both moderately and heavily 524 soiled hands (15).
525
Preliminary results reported for SaniTwice are also encouraging (14). The method 526 tested on hands moderately and heavily soiled with a mixture of food components 527 and E. coli showed good levels of bacterial reduction (~4 log 10 reduction). A similar 528 level of inactivation is also reported against MNV on artificially contaminated hands.
529
These findings suggest that this hand hygiene regime could be used as an 530 alternative to wash-sanitize when water and soap are not available. However, no 531 evidence about the efficacy of this hand hygiene regime against HuNoV or HAV on 532 soiled hands seems to be available in the literature. For this reason, further studies 533 would be needed to prove the effectiveness of SaniTwice in different food settings 534 and against different foodborne pathogens.
535
Finally, a new generation of alcohol-free lotions is attracting more and more 536 interest (1, 28, 35) . Evidence from in vitro and ex vivo studies showed similar 537 efficacy against target bacteria compared to alcohol-based products, with prolonged 538 activity after application, and potentially less skin irritation. However, very little is 539 known about their efficacy against viruses, and no evidence about their inactivation 540 rates on soiled hands seems to be available in the literature currently. 
